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A hierarchical model consisting of quantitative structure-activity relationships based mainly on
chemical reactivity was developed to predict the carcinogenicity of organic chemicals to rodents.
The model is comprised of quantitative structure-activity relationships, QSARs based on hypothe-
sized mechanisms of action, metabolism, and partitioning. Predictors included octanol/water parti-
tion coefficient, molecular size, atomic partial charge, bond angle strain, atomic acceptor
delocalizibility, atomic radical superdelocalizibility, the lowest unoccupied molecular orbital
(LUMO) energy of hypothesized intermediate nitrenium ion of primary aromatic amines, differ-
ence in charge of ionized and unionized carbon-chlorine bonds, substituent size and pattern on
polynuclear aromatic hydrocarbons, the distance between lone electron pairs over a rigid struc-
ture, and the presence of functionalities such as nitroso and hydrazine. The model correctly
classified 96% of the carcinogens in the training set of 306 chemicals, and 90% of the carcino-
gens in the test set of 301 chemicals. The test set by chance contained 84% of the positive thio-
containing chemicals. A QSAR for these chemicals was developed. This posttest set modified
model correctly predicted 94% of the carcinogens in the test set. This model was used to predict
the carcinogenicity of the 25 organic chemicals the U.S. National Toxicology Program was testing
at the writing of this article. Environ Health Perspect 104(Suppl 5):1085-1094 (1996)
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Introduction
As part ofa program to obtain and develop
models for predicting properties needed to
perform ecological and human health risk
assessment prior to chemical synthesis, we
attempted to model rodent carcinogenicity.
Electrophilicity as measured experimen-
tally was shown to correlate with rodent
carcinogenicity (1), and fish toxicity (2).
Toxicity due to electrophilic reactivity
had been found to correlate with the com-
puted property delocalizibility (3; also,
unpublished models). We decided to see if
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this parameter would be a good predictor
of carcinogenicity. Preliminary evaluations
using the data of Benigni et al. (1) indi-
cated that both the experimental parameter
they used (Ke) and carcinogenicity could
be predicted with delocalizibility. It was
noted that the positives not predicted by
delocalizibility mostly belonged to gener-
ally accepted classes of carcinogens such as
aromatic amines and estrogens. They prob-
ably reacted with or catalyzed other chemi-
cals to react with DNA by another
mechanism, and some could require meta-
bolic activation.
Based on this background, we then
decided to attempt to develop a model
composed ofquantitative structure-activity
relationships (QSARs) for each class.
Classes would be based on a chemical reac-
tivity mechanism. The predictive parame-
ters and classes would be hypothesized and
evaluated until appropriate ones were
found. The emphasis was put on chemical
reactivity. Hypotheses based on enzymatic
activity were tried only after organic chem-
ical mechanisms were found to be inappro-
priate. In addition expert judgment would
be used in developing the QSARs, the cri-
teria, and the hierarchy ofthe model. This
model is based on generally accepted
science, so it is not extensively referenced.
Because judgment would be used to
decide on predictive parameters, numerical
criteria, and the identification of classes,
the model could easily be biased to fit the
data and not be broadly applicable.
Therefore the data set was split into train-
ing and test sets of about equal size. The
test set was held back to test the pre-
dictability and broad applicability of the
model. The 25 organic chemicals in testing
by the U.S. National Toxicology Program
(NTP) provides an additional and blind
test set for the model. The carcinogenicity
ofthese chemicals was predicted after eval-
uating the predictability with the original
test set.
Data Selection
An overall set of positive organic carcino-
gens was assembled by combining the
"confirmed carcinogens" listed by Lewis
(4), the positives in tables 1-3 ofZhang et
al. (5), and the organic chemicals for
which the NTP found "clear evidence" of
carcinogenicity (6-8). This set was ran-
domly halved to give a training set and a
test set. Some chemicals were selected from
the test set to be transferred to the training
set because their chemical class was poorly
represented in the training set.
The set ofnegative organic carcinogens
was assembled from the negative studies
found in the U.S. Food and Drug
Administration data base, the negatives in
Zhang et al.'s tables (5), and the "clear
negatives" reported by the NTP through
1994 (6-8) and not listed by Lewis (4) as
"confirmed," "suspected," or "question-
able" carcinogens. The set was randomly
split in half and combined with the posi-
tives into a training set and a test set.
Computations
Computation of most predictors was done
with Project Leader and associated software
from CAChe Scientific, Beaverton, OR.
Structures were drawn with this software,
the standard molecular mechanics were run
before geometry optimization with
MOPAC using PM3 parameters. Angles,
atomic distances, lowest unoccupied mole-
cular orbitals (LUMOs), and partial atomic
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charges were extracted or tabulated from
the MOPAC results using the CAChe
Project Leader software. The delocalizibil-
ity/ superdelocalizibility calculation algo-
rithm in the CAChe software was replaced
with a program written by John Blair of
3M. It was based on a more classical inter-
pretation ofthe original reference (9). The
term delocalizibity is used when the prop-
erty is determined for nonaromatic atoms
and superdelocalizibity is used for aromatic
atoms. In calculating radical superdelocaliz-
ibilites the average ofthe highest occupied
molecular orbital (HOMO) and LUMO
energies were added to all molecular orbital
energies, and 10ev were added to the vir-
tual molecular orbitals for calculating
acceptor delocalizibilities.
Calculation of pKa values was done
with SPARC provided by the U.S.
Environmental Protection Agency and the
University ofGeorgia, Athens. This model
does not provide pKa for halogen acids.
These were estimated to be 3.5, 1.7, 1.3,
and 1.0 for fluorine, chlorine, bromine,
and iodine, respectively. The halogen val-
ues were calculated by using their reactivity
reported by Noyce and Virgilio (10) in a
QSAR of the organic reactivity data from
table 2 ofthat paper versus pKa values cal-
culated with SPARC (11). Calculation of
ester hydrolysis rate was done with the
EPIwin software from Syracuse Reasearch
Corporation (Syracuse, NY). The log of
octanol/water partition coefficients (log P)
were calculated using MacLogP 1.0 from
BioByteCorp (Claremont, CA).
Model Development
The mechanisms of reactivity of carcino-
gens were hypothesized. Then parameters
that should be good predictors were
hypothesized. These predictors were calcu-
lated. Predictor values were inspected for
ability to discriminate between positive and
negative carcinogens. When a good dis-
criminating predictor was found, a crite-
rion was set so that the optimum number
ofpositive carcinogens were correctly pre-
dicted. In developing the individual
QSARs, often chemicals that appeared to
belong to one class actually belonged to
another. Until the full model was con-
structed these chemicals could not be
identified, so they gave rise to noise in the
criteria identification process when they
were put in the wrong mechanism class.
For this reason and a desire to predict as
many positive carcinogens as possible,
more incorrect classifications of negative
chemicals were allowed than with positives.
After the various QSARs and rules were
identified, they were assembled into a hier-
archical scheme that made physiological
sense and created a procedure that was
time and computationally efficient.
Model Based on Training Set
A chemical is evaluated with the model by
proceeding through the following QSARs
that make up the model. The QSARs are
used to classify a chemical as a positive or
negative carcinogen. If none of the crite-
ria classify the chemical, it is classified as
negative.
* Negative iflog P <-1.6 or >8.8 or mol-
ecular volume >390 angstrom3
* Hydrolyze all esters with half-life < 100
years at pH 7.0, and azo N =N bonds.
Consider all products below
* Positive ifmolecule contains hydrazine,
nitroso, or isocyanate group
* Positive if molecule contains an alpha
substitution on a C4 or longer aliphatic
alcohol, aldehyde, or acid (peroxisome
proliferator QSAR)
* Positive ifmolecule is rigid between two
atoms with lone pairs ofelectrons and
the atoms are 9.8 to 12.5 angstroms
apart (estrogenlike QSAR)
* Positive ifmolecule is a polynuclear aro-
matic hydrocarbon (PNA) with log P
>4.0 and has a bay region with only
hydrogens on the four unfused positions
ofthe bay ring and no free groups (i.e.,
not fused to aromatic parent) larger than
ethyl on either ofthe adjacent L and K
region carbons to the bay ring. Chemicals
scored as negative by these criteria are not
evaluated further (PNAQSAR)
* Positive if the hypothetical nitrenium
ion resulting from the oxidation of a
primary aromatic amine has LUMO
energy <-6.6 ev (primary aromatic
amine QSAR)
* Positive ifthe molecule contains a leav-
ing group (leaving group is a halogen or
a group 5 or 6 atom attached to
another heavy atom) and for a carbon
attached to a leaving group:
the angle deviation/leaving group
PKa >1.8
or
its acceptor delocalizibility/leaving
group pKa >0.187
or
it is not a carbonyl or carbonyl ana-
log and its acceptor delocalizibility +
partial charge >0.395 (SN2 elec-
trophile QSAR)
* Positive ifmolecule contains sp3 carbon
attached to a chlorine and the difference
in partial charge of that carbon in the
normal state and after it has been made
a carbocation by the ionization of the
chlorine is less than 0.595 (SNI elec-
trophile QSAR)
* Positive ifmolecule contains two unsub-
stituted adjacent carbons in a conjugated
system and one of them has radical
superdelocalizibility between 0.151 and
0.180 (epoxidation QSAR)
* Positive if the molecule is a nitroaro-
matic and the meta carbon to a nitro
group has an acceptor superdelocaliz-
ibilityvalue >0.254
Model Rationale
The QSARs that make up the model were
organized in a way that made some physio-
logical sense and made for the most
efficient use of computation time. It did
not seem worthwhile to do time-consuming
calculations on a molecule ifit belonged to
a class that required less or no computation
time to identify as positive or negative.
The first QSAR determines whether a
chemical is likely to penetrate a cell. It
was assumed that a chemical had to pene-
trate a cell before it could be a carcinogen.
Chemicals with low octanol/water parti-
tion coefficients are not likely to passively
penetrate a cell, and chemicals with high
octanol/water partition coefficients probably
are not soluble enough to be in solution. In
addition, very large chemicals are not likely
to penetrate. The criteria for each of these
were estimated by listing the chemicals that
should be carcinogenic but were not and
then deciding on a criterion that correctly
classified most chemicals. The criteria listed
in the model above were found. The data
around these criteria is limited, as for most
criteria in the model, and will likely be
modified as more data are generated.
It was noted in developing the model
that many ester- and azo-containing chem-
icals were predicted wrong. Azo com-
pounds are thought to be hydrolyzed in the
intestine, and esters are likely to be
hydrolyzed by one of many cellular and
extracellular esterases. The data did not
support a criterion for any azo compounds
not being hydrolyzed, but there were slowly
hydrolyzed esters that were incorrectly pre-
dicted. Since esterases speed up chemical
hydrolyses ofesters, it was thought that the
chemical rate ofhydrolysis could be used as
an index for the rate ofesterase hydrolysis.
A model is available to estimate the hydrol-
ysis ofesters at pH 7. It was used to calcu-
late hydrolysis rates. These rates were
examined for a criterion to determine when
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to consider the hydrolysis products and
when to consider the parent as possible car-
cinogens. A half-life of 100 years or less
was chosen as the criterion.
These first two QSARs for cellular pen-
etration and hydrolysis were placed at the
begining ofthe model architecture because
these phenomena happen prior to interac-
tions with DNA and the calculations are
fast and simple.
It was noted that all chemicals contain-
ing a hydrazine, nitroso or isocyanate
group were positive, and no other QSAR
appeared to apply to any of these classes.
Therefore it was decided to consider all
chemicals that contain one of these func-
tionalities to be positive. No computations
would have to be done on these classes of
chemicals, so this QSAR was placed early
in the model procedure.
There were chemicals such as 2-ethyl-
hexanol in the data sets that were reported
to be positive but were not predicted so by
any QSARs in the model. In addition, no
mode ofreactivity could be imagined. But
these types of chemicals are peroxisome
proliferators, which appear to increase the
incidence of cancer in rodents. A simple
QSAR that fit the data but not necessarily
all peroxisome proliferators was hypothe-
sized and evaluated with the training set.
The QSAR is based on the hypothesis that
nonalkylating peroxisome proliferators
competitively bind to a n-oxidation
enzyme and are not oxidized. This causes
an increase in synthesis ofthe peroxisome
enzymes. This QSAR requires only inspec-
tion ofthe structure for the connection of
atoms, so it was placed early in the model
procedure for computing efficiency.
Carcinogenic estrogenlike chemicals
also were not predicted to be positive by
any of the QSARs based on reactivity. A
review ofthe estrogens listed in the Merck
Index, 11th edition, revealed that they are
all rigid between two hydroxyl groups and
the hydroxyls are about 11 angstroms
apart. This appeared to be a potentially
good QSAR, and so was applied to the
training set. The range ofdistance between
hydroxyl groups was widened to 9.8 to
12.5 angstroms after considering the train-
ing set. Also, the part of the criteria that
said the groups should be hydroxyls was
made more encompassing by requiring the
atoms to contain lone pairs of electrons.
This was done because there were some
diamino compounds to which the QSAR
applied and various binding studies indicate
that halogens might also be appropriate.
The computations to optimize structure for
this QSAR are slightly less demanding than
those that follow and more so than those
that precede it in the model, so it was
placed fifth in the sequence.
The QSAR for polynuclear aromatics
was developed after review ofthe chemicals
that would generally be included in this
class. It was noted that chemicals of this
class with log octanol/water partition
coefficient less than 4.0 were negative, so
that was made part ofthe criteria. The bay
region for all positives was seen to be unsub-
stituted and steric bulkat either the adjacent
L or Kregion resulted in the chemicals'
being negative. Attempts to develop reactiv-
ity criteria failed. This QSAR was placed
sixth in the model procedure because it
requires no time-consuming computations.
It is generally assumed that carcino-
genic primary aromatic amines are meta-
bolically activated to an ultimate
carcinogen. The first step in this transfor-
mation is the hydroxylation of the amine.
A nitrenium ion resulting from the dehy-
dration of the hydroxylamine is generally
thought to be the DNA reactive agent
(12). The electron-accepting ability ofthe
nitrenium ion was hypothesized to control
the reactivity or indicate the likelihood of
the original oxidation. The acceptor
superdelocalizibility on the nitrenium ion
nitrogen and the LUMO energy of the
whole molecule were evaluated as predic-
tors. Both were good. The LUMO energy
was slightly better. The numeric part ofthe
criteria was chosen by inspection to maxi-
mize the number of correct predictions.
There were too few secondary aromatic
amines in the training set to see if this
QSAR or another applied to them. This
QSAR was placed 7th because it is easy to
identify chemicals that belong to the class,
and slightly less computational time is
required than for the QSARs that follow.
The SN2 set of QSARs are the back-
bone of the model. The rudiment ofthese
QSARs was found first. The inability of
the first crude SN2 QSAR to predict the
carcinogenicity of many classes indicated
the need for the development of the other
QSARs. The term SN2 is used broadly
here and includes two-step aromatic nucle-
ophilic substitution. The QSARs are based
on the principles of nucleophilic substitu-
tion taught in undergraduate first year
organic chemistry. That is: the rate is con-
trolled by the electrophilicity (electron
accepting property) and/or the increase in
stability of the resulting products. In the
first ofthe three QSARs for this mechanis-
tic class the release ofsteric strain and the
stability of the leaving group are the pre-
dictors. This QSAR applies to chemicals
like epoxides and lactones. The second
QSAR depends on the electrophilicity of
the carbon and the stability of the leaving
group, which are estimated by the calcu-
lated pKa ofthe leaving group. The third
QSAR contains two properties that reflect
the electrophilicity of the reactive carbon.
It seems reasonable that these three QSARs
could be combined into a single one, but
attempts to do so failed. This QSAR was
placed 8th because it required more com-
putation time than those before it and pro-
vided part ofthe computations required by
the QSARs that follow it in the model.
It was found that all positive chlori-
nated carcinogens could not be correctly
predicted with the SN2 QSARs or any oth-
ers. It was found in previous unpublished
studies that the toxicity and reactivity data
of Hermans et al. (2) could be predicted
with a QSAR based on the hypothesis that
the toxicants reacted with a model nucle-
ophile or biochemicals by the SN1 mecha-
nism. It was hypothesized and confirmed
that the difference in charge on the chlori-
nated carbon before and after the hypothe-
sized ionization ofthe chlorine was a good
predictor. It was hypothesized that this
mechanism was appropriate to carcino-
genicity also, and this was found to be true.
The numerical part ofthe criteria (<0.595)
differed by only about 1% between the cri-
teria for reactivity to a model nucleophile,
fish acute reactive toxicity, and carcino-
genicity. The QSAR was placed after the
SN2 QSAR because it depends partly on
the same calculations.
It is generally accepted that many aro-
matic chemicals such as benzene are enzy-
matically epoxidized and the epoxide reacts
with DNA. It was hypothesized that two
adjacent aromatic carbons had to be
unsubstituted before epoxidation would
take place, and that the radical superdelocal-
izibility ofthe carbons might be a good pre-
dictor. It was found to be so. It was also
observed that the criteria were applicable to
conjugated carbons in addition to aromatic
ones. The numerical criterion was found to
be a range rather than one value. Apparently
chemicals with too high a radical superdelo-
calizibility react too fast or the epoxides are
too unstable to reach DNA. This QSAR
was placed after the primary aromatic, SN2,
and SN1 QSARs because many chemicals
have structures for which two or more of
these QSARs apply, and the structure opti-
mization for the SN2 QSARs is the basis
for the calculations done for this QSAR.
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The last QSAR in the model applies to
nitroaromatic chemicals. The QSAR was
found by trial and error and rationalization
ofwhy it works is incomplete. This lowers
confidence in the predictions of this
QSAR. For this reason and because many
chemicals to which this QSAR is applicable
are predicted to be positive by another
QSAR, this QSARwas placed last.
Model Performance
The model correctly predicted the carcino-
genicity of96% ofthe carcinogens in the
training set. This high level ofpredictability
could be due to selecting parameters and
criteria that are only appropriate or ideal for
this data set and not broadly applicable.
The results ofapplying the model to a test
set ofchemicals usually indicates broader or
universal applicability ofa model.
The model correctly predicted carcino-
genicity for 90% of the carcinogens and
88% ofboth the positives and negatives in
the test set. This is substantially less than
for the training set.
A review of the incorrectly predicted
chemicals in the test set suggests two possi-
ble reasons for this lower predictability:
First, three chemicals (phenol, methyl
salicylate, and benzoic acid) were incor-
rectly predicted to be positive because they
would form reactive epoxides. This appears
to be a large percentage when compared to
the total two correct positive predictions by
this QSAR. But the QSAR was applied to
25 negative chemicals. So for the total
number oftest chemicals to which this rule
was applied, 89% were correctly predicted.
Nonetheless this QSAR might be deficient
for some reason and will be reexamined.
The second reason for the lower pre-
dictability is that five thio-containing
chemicals (sulfallate, 2-imidazolidinethione,
thiourea, 6-propyl-2-thiouracil, and thioac-
etamide) were falsely predicted to be nega-
tive. No QSAR was developed for
thio-containing chemicals because only one
was incorrecdy predicted in the training set
(1,3-diethylthiourea). Thus there were
insufficient data to develop a QSAR. A
QSAR for this class was developed after we
saw that the model did not have an appro-
priate QSAR. It was hypothesized that the
acceptor delocalizibility on the sulfur of a
thio group would be a good predictor. It
was found that such values greater than
0.165 indicated a chemical was a positive
carcinogen. This criterion discriminated
between the five positive and three negative
thio-containing chemicals in the test set.
The inclusion ofthis QSAR into the model
resulted in correctly predicting 94% ofthe
carcinogens and 90% of the chemicals
overall (Table 1). The training and test set
chemicals, and their carcinogenicity and
predicted carcinogenicity, used to calculate
the percentages in Table 1 are presented in
Tables 2 and 3 respectively.
Predictions
FurfirylAlcohol 98-00-0. Predicted to be
positive because it would likely be epoxi-
dized to a reactive epoxide. The radical
superdelocalizibility of an unsubstituted
carbon adjacent to another in a conjugated
system was 0.163, which is within the cri-
teria range of0.151 and 0.180.
Codeine, 76-57-3. Predicted to be posi-
tive because it is likely to be an alkylator.
The sum ofthe acceptor delocalizibility plus
the partial charge on acarbon (the sp3 cyclic
ether carbon) with a leaving group is 0.437,
which is greater than the criterion of0.395.
Diethanolamine, 11-42-2. Predicted to
be negative because no properties were
consistent with its beingpositive.
Pyridine, 110-86-1. Predicted to be
positive because it would likely be epoxi-
dized to a reactive epoxide. The radical
superdelocalizibility of an unsubstituted
carbon adjacent to another in a conjugated
system was 0.155, which is within the cri-
teria range of0.151 and 0.180, but close to
the lower limit, which weakens the likeli-
hood ofbeing correct.
Tetrahydrofuran, 109-99-9. Predicted
to be negative because no properties were
consistent with its beingpositive.
Isobutene, 115-11-7. Predicted to be
negative because no properties were consis-
tentwith its being positive.
D&C Yellow No. 11, 8003-22-3.
Predicted to be negative because no proper-
ties were consistent with its beingpositive.
Methyleugenol, 93-15-2. Predicted to
be negative because no properties were
consistent with its being positive, but
chemicals ofthis class do react as indicated
by their property of skin sensitization.
There were not enough chemicals of this
class in the training set to even consider ifa
QSAR was needed. In developing a skin
sensitization model a QSAR for this type
ofchemical was developed. Such a QSAR
might be useful for this carcinogenicity
model. This negative prediction is suspect,
then, because ofthe paucity ofchemicals of
this type in the model's training set.
Cinnamaldehyde, 104-55-2. Predicted
to be positive because it would likely be
epoxidized to a reactive epoxide. The radical
superdelocalizibility of an unsubstituted
Table 1. Correct predictions of carcinogens and non-
carcinogens.
Chemicals, Correct predictions
SET no. No. %
Training:
+ Carcinogens 204 196 96
-Carcinogens 101 85 84
Total 305 282 92
Test
+ Carcinogens 221 201 90(94)a
-Carcinogens 80 63 79
Total 301 264 88 (90)
+, positive; -, negative. "Values in parenthesesareresults
whentheOSAR forthio-containing chemicals is used.
carbon adjacent to another in a conjugated
system was 0.154, which is within the cri-
teria range of0.151 and 0.180, but close to
the lower limit, which weakens the likeli-
hood ofbeing correct.
Emodin, 518-82-1. Predicted to be
negative because no properties were consis-
tentwith its being positive.
Sodium Xylenesulfonate, 1300-72-7.
Predicted to be negative because no proper-
ties were consistentwith its being positive.
Ethylbenzene, 100-41-4. Predicted to
be negative because no properties were
consistent with its being positive. In the
case ofthe QSAR for predicting epoxida-
tion to a reactive epoxide the radical
superdelocalizibility ofthe orthocarbon to
the ethyl group was 0.150, which is just
under the lower criterion of the range of
0.151 and 0.180. The close proximity of
the radical superdelocalizibility to the crite-
rion lowers confidence in the prediction.
Chloroprene, 126-99-8. Predicted to be
positive because it would likely be epoxi-
dized to a reactive epoxide. The radical
superdelocalizibility of an unsubstituted
carbon adjacent to another in a conjugated
system was 0.161, which is within the cri-
teria range of 0.151 and 0.180. This was
true for both the cis and trans isomers.
1,2-Dihydro-22,4-trimethylquinoline,
147-47-7. Predicted to be negative because
no properties were consistent with its being
positive.
1-Chloro-2-propanol and2-Chloro-1-
propanol (75:25mix), 127-00-4. Predicted
to be positive because the 2-chloro-1-
propanol component of the mixture likely
alkylates by the SNI mechanism. The dif-
ference in charge on carbon 2 before and
after ionization of the chlorine is 0.46,
which is well below the criterion of0.595.
Isobutyraldehyde, 78-84-2. Predicted to
be negative because no properties were
consistentwith its being positive.
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Table 2. Measured and predicted carcinogenicity fortraining set.
Carcinogenicity Prediction Reasona Chemical Carcinogenicity Prediction Reasona
Acetomethoxane +
Acrylamide +
Adriamycin +
Aflatoxin B1 +
Aflatoxin G, +
Aflatoxin Ml +
2-Amino-5-azotoluene +
1-Amino-2-methylanthraquinone +
Amitrole +
o-Anisidine HCI +
Asristolochine +
Benz[e]acephenanthrylene +
Benzene +
1a,2a,3b,4a,5b,6b-Hexachlorocyclohexane +
1a,2b,3a,4b,5a,6b-Hexachlorocyclohexane +
Benzo[k]fluoranthrene +
Benzyl trichloride +
Bis(2-chloroethyl)methylamine +
N,A- Bis(2-chloroethyl)-N-nitrosourea +
Bis-chloromethyl ether +
1,3-Butadiene +
N-Butyl-(3-carboxypropyl)nitrosamine +
4'-Carboxymethoxy-2,3'-dimethyl-azobenzene +
Chlorumbucil +
Chlorinated polyether polyurethane +
1-(2-Chloroethyl)-3-cyclo-hexyl-
nitrosourea +
Chloroform +
4-Chloro-o-toluidine +
C.l. Direct Blue 6 +
Cyciphosphamide hydrate +
Dehydroretronecine +
o-Dianisidine +
Dibenz[a,h]acridine +
Dibenz[a,hlanthracene +
1,2-Dibromo-3-chloro-propane +
3,3'-Dichlorbenzidine +
2,4-Dichloro-4'-nitrodiphenyl ether +
Cis-1,3-dichloropropene +
Diethylstilbestrol dipropionate +
Dihydantoin +
4-Dimethylaminoazobenzene +
1,1-Dimethylhydrazine +
Dimethylsulfate +
Diethylhexylphthalate +
Enavid +
Epichlorohydrin +
Estradiol +
Estradiol propionate
Estrone
Ethyl alcohol
Ethylene dichloride
Ethylene imine
N-Fluoren-2-yl acetamide
Hexachlorobenzene
Hydrazine
4-Hydroxybutyl butylnitrosamine
4,4'-(lmidocarbonyl)bis(N,N-dimethylamine)
Indeno(1,2,3-cd)pyrene
Kepone
4,4-'Methylene bis(2-chloroaniline
4,4'-Methylene bis(2-methylaniline)
N,N-Methylethylnitrosamine
Methyliodide
N-Methyl-N-nitrosoaniline
1-Naphthylamine
+ SN2
+ SN2
+ Estrogenlike
+ SN2
+ SN2
+ SN2
+ Arom amine
+ Arom amine
+ Arom amine
+ Arom amine
+ SN2
+ PNA
+ Epoxidation
+ SN2
+ SN2
- PNA
+ SN2
+ SN1
+ Nitroso
+ SN2
+ Epoxidation
+ Nitroso
+ Arom Amine
+ SN1
+ Arom amine
+ Nitroso
+ SN2
+ Arom amine
+ Arom amine
+ SN1
+ Epoxidation
+ Estrogenlike
+ PNA
+ PNA
+ SN2
+ Estrogenlike
+ SN2
+ SN1
+ Estrogenlike
+ SN2
+ Arom amine
+ Hydrazine
+ SN2
+ Peroxprolif
+ Estrogenlike
+ SN2
+ Estrogenlike
+ Estrogenlike
+ Estrogenlike
- No + results
+ SN1
+ SN2
+ Arom amine
+ SN2
+ Hydrazine
+ Nitroso
+ Estrogenlike
+ PNA
+ SN2
+ Arom amine
+ Arom amine
+ Nitroso
+ SN2
+ Nitroso
+ Arom amine
1-Naphthylmethylnitrosoocarbamate
4-Nitrobiphenyl
2-Nitropropane
N-Nitrosodipropylamine
p-Nitrosodiphenylamine
N-Nitroso-N-ethylaniline
4-Nitrosomorpholine
N-Nitrosopiperidine
N-Nitrosopyrrolidine
5-Nitro-o-toluidine
4,4'-Oxydianiline
Phenazopyridinium chloride
1-Phenylalanine mustard
Polyurethane Y-195b
Progesterone
P-Propiolactone
Propylene oxide
Safrol
Streptozoticine
2,4,7,8-tetrachlorodibenzo-p-dioxin
Testosterone propionate
4,4'-Thiodianiline
2,4-Diaminotoluene
Toluene 2,4-diisocyanate
2,3,4-Trichlorobutene
1,4,5-Trimethylaniline
Tris(dibromopropyl)phosphate
Vinylbromide
Vinylcyclohexene dioxide
Bromodichloromethane
3-Chloromethylpropene
Dichlorvos
Dimethyl vinyl chloride
Nitrofurazone
Monuron
Malonaldehyde, sodium salt
C.l. Acid Orange 3
3-Amino-9-ethylcarbazole
3-Chloromethyl pyridine
p-Rosaniline
Cinnamyl anthranilate
N,/'-Bis(2-hydroxyethyl)N-methyl-2-nitro-
p-phenylenediamine
2-Methyl-1-nitroanthra-quinone
1-Ethyl-3-(5-nitro-2-thiazolyl)urea
5-Nitro-o-anisidine
Reserpine
Trimethylphosphate
Aniline
Bis (2-chloroisopropyl)ether
5-Chloro-2-((2-hydroxy-1 -naphthyl)azo)-p-
toluene sulfonic acid
Dimethylhydrogenphosphite
4,4'-Sulfonyldianiline
2,6-Dinitro-N,N-dipropyl-4-(trifluoromethyl)
benzenamine
4,4'-Dichlorobenzilic acid ethyl ester
Tetrachloroisophthalonitri le
Adipic acid bis(2-ethylhexyl)ester
1,3-Diethylthiourea
Hexachloroethane
6-Nitrobenzimidazole
3,3-Dimethyl-p-propiolactone
Trichloroethene
Allyl isothiocyanate
4-Amino-2-nitrophenol
+ + Nitroso
+ + Nitro arom
+ - No + results
+ + Nitroso
+ + Nitroso
+ + Nitroso
+ + Nitroso
+ + Nitroso
+ + Nitroso
+ + Arom amine
+ + Arom amine
+ + Arom amine
+ + SN1
+ + Isocyanate
+ + Estrogenlike
+ + SN2
+ + SN2
+ + SN2
+ + Nitroso
+ + Estrogenlike
+ + Estrogenlike
+ + Arom amine
+ + Arom amine
+ + Isocyanate
+ + SN2
+ + Arom amine
+ + SN2
+ + SN2
+ + SN2
+ + SN2
+ + SN1
+ + SN2
+ + SN1
+ + Hydrazine
+ + Arom amine
+ + SN2
+ + Estrogenlike
+ - No + results
+ + SN1
+ + Arom amine
+ + Arom amine
+ + Nitro arom
+ + Nitro arom
+ + SN2
+ + Arom amine
+ + Estrogenlike
+ + SN2
+ + Arom amine
+ + SN1
+ + Arom amine
+ + SN2
+ + Arom amine
+ + Nitro arom
+ + SN2
+ + SN2
+ + Perox prolif
+ - No+results
+ + SN2
+ + Nitro arom
+ + SN2
+ + SN2
+ + Isocyanate
+ + Arom amine
(Continueoi
Environmental Health Perspectives - Vol 104, Supplement 5 * October 1996
Chemical
1089R. PURDY
Table 2. (Continued).
Chemical Carcinogenicity Prediction Reasona Chemical Carcinogenicity Prediction Reasona
2-Amino-5-nitrothiazole +
2,5-Dichloro-3-amino benzoic acid +
1,1-Bis(p-Clphenyl)-2,2,2-triClethanol +
Melamine +
Dimethylaminosuccinamic acid +
6-Methylbenz[alanthracene +
11-Methylbenz[a]anthracene +
5-Methylbenz[alanthracene +
7,9,12-Trimethylbenz[alanthracene +
Dibenz[a,clanthracene +
12-Methyl-i O-florobenz[a]acridine +
Dibenz[a,j]acridine +
Dibenzo[a,/Ipyrene +
Acenaphthanthracene +
11,12,17-Trimethyl-15-hydrocyclopenta[a]-
phenanthrene +
3-Methyidibenz[a,h]anthracene +
N-Ethyldibenz[a,jlcarbazole +
4,9-Dimethyl-1,2,7,8-benzothiophenanthrene +
Dibenzo[a,i]pyrene +
9,12-Dimethyl-10-fluorobenz[a]acridine +
7-Methylbenzo[c]phenanthrene +
14-Methyidibenz[a,jlacridine +
1,12-Trimethylenechrysene +
Dibenz[a,j]anthracene +
7-Fluoro-5-methylchrysene +
8-lsopropylbenzo[clphenanthrene +
7-Ethoxymethylbenz[a]anthracene +
12-Methylbenz[a]anthracene +
4-Methylbenzo[c]phenanthrene +
8,12-Dimethyl-9-chlorobenz[a]acridine +
1-Ethyidibenz[a,hlacridine +
6,7,12-Trimethylbenz[alanthracene +
7-Methylbenz[a]anthracene +
17-Methyl-5-hydrocyclopenta[a]phenanthrene +
1-Ethyldibenz[a,h]acridine +
1,2-Dimethylchrysene +
Benzo[alphenanthrene +
5-Methylchrysene +
6-Fluoro-5-methylchrysene +
7,9,1l-Trimethylbenz[clacridine +
9,1O-Dimethylbenz[alanthracene +
7-Cyanobenz[a]anthracene +
2,3,5,6-Dibenzofluoranthrene +
14-lsopropyldibenz[a,jlacridine +
1-Acetylbenzo[a]pyrene +
3-Methoxybenzo[alpyrene +
Benzo[alpyrene +
7,12-Bis-acetoxymethylbenz[alanthracene +
8-Phenylbenz[alanthracene +
7-J-Hydroxymethylbenz[alanthracene +
8,9-Dimethylbenz[a]anthracene +
8-Butylbenz[a]anthracene +
7-Hydroxymethylbenz[a]anthracene +
6-Methyldibenz[a,h]anthracene +
7,1O-Dimethylbenz[c]acridine +
9,12-Dimethylbenz[a]acridine +
5,7,11-Trimethylbenz[clacridine +
11-Methyl-i 6-17-dihydro-15-one-
cyclopenta[a]phenanthrene +
7-Methyl-15,16-dihydro-17-one-
cyclopenta[alphenanthrene +
Dibenzo[a,clphenanthrene +
9,1O-Dimethylcyclopentenophenanthrene +
8,12-Dimethylbenz[a]acridine +
Dibenz[a,j]acridine +
+ Arom amine
- No+ results
+ SN2
+ Arom amine
+ Hydrazine
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
+ PNA
7,12-Dimethyl-7,12-dihydrobenz[a]-
anthracene-7,12-oxide
Coronene
Cyclopenta[c,d]pyrene
2-Methylphenanthro-[2,1 ,-d]-thiazole
Phenanthro-[2,1 ,-d]thiazole
4,11-Diazadibenzo[b,d,e,f]chrysene
10-Cyanobenz[a]anthracene
Cyclopenta[c,dlpyrene
1-Oxo-3-methylcholanthrene
Picene
6,7-Dimethylbenz[alanthracene
7,12-Dichlorobenz[a]anthracene
Dibenzo[a,e]pyrene
6,12-Dimethylbenz[a]anthracene
Ascorbate
Propylene glycol
EDTA
Phenylalanine
Acetate
Tryptophan
Dichlorodifluoromethane
Citric acid
Erythorbic acid
6-Methylquinoline
Carvone
Benzyl alcohol
Geranyl acetate
Cycohexylamine
Ethylene glycol monoethyl ether
Morpholine
Benzoin
Propyl gallate
2-Ethylhexyl sulfate
Benzyl acetate
Allylheptanoate
Lauryl sulfate
Dehydroacetic acid
FD&C Blue No. 2
B&-apo-8'-carotenal
x-Tocopherol
3-Tocopherol
6-Tocopherol
y-Tocopherol
FD&C Yellow No. 6
FD& C Blue No. 1
Inosinate
Guanylate
tert-Butylhydroquinone
Natamycin
Polysorbate8O
Sorbic acid
FD&C Red No. 40
N-Undecylbenzenesulfonic acid
Erythromycin stearate
Penicillin VK
Tetracycline
Xylene
Anilazine
2-Aminobenzoic acid
Caprolactam
Carbromal
2-Chloroethanol
2-Chloro-1,4-diaminobenzene
Chlorpropamide
Diazinon
+ + PNA
+ - PNA
+ - PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
- - Log P<-1.6
- - No+ results
- - Log P<-1.6
- - No+results
- - No+ results
- - No+ results
- + SN2
- - Log P<-1.6
- - Log P<-1.6
- - No+ results
- - No+results
- - No+results
- - No+results
- - No+results
- - No+results
- - No+results
- - No+ results
- - No+results
- - No+results
- - No+results
- - No+ results
- - No+ results
- - No+ results
- - No+ results
- - LogP>8.8
- - LogP>8.8
- - LogP>8.8
- - LogP>8.8
- - LogP> 8.8
- - No+results
- - Vol>390an3
- - LogP<-1.6
- - Log P<-1.6
- - No + results
- - Vol> 390ang
- - Vol> 390ang
- + Epoxidation
- - No + results
- - No+ results
- - Vol>390an3
- - No+ results
- - LogP<-1.6
- - No+ results
- + SN2
- - No+ results
- - No+ results
- + SN2
- + SN1
- - No+ results
- - No+results
- + SN2
(Continued)
Environmental Health Perspectives - Vol 104, Supplement 5 * October 1996 1 090CARCINOGEN IDENTIFICATION FROM ELECTRONIC STRUCTURE
Table 2. (Continued).
Chemical
2,4-Dimethoxyaniline
Ephedrine
Diazol03
2,2'-((4-((2-Hydroxyethyl)amino)-
3-nitrophenyl)imino)diethanol
lodoform
Malathione
Mannitol
N-(l-Naphthyl)ethylenediamine
1-Nitronaphthalene
Phenformin
N-Phenyl-p-phenylenediamine
Photodieldrin
Phthalicanhydride
Tetrachloronitroanisole
Tolazamide
2,6-Diaminotoluene
Amphetamine
4-Nitrophenol
4,4'-Thio-bis-(6-tert-butyl-m-cresol)
16,17-Dihydro-15-one-cyclopenta[a]
phenanthrene
15,16-Dihydro-17-one-cyclopenta-
phenanthrene
Di-1,2-naphtho-[4,5:10,1 1]-chrysene
Benz[a]anthracene-7,12-quinone
12-Methyl-15,16-dihydro-17-one-
Carcinogenicity Prediction Reasona
- - No + results
- - No + results
- - No + results
- - No + results
- + SN2
- - No + results
- - Log P<-1.6
- - No + results
- - No + results
- - No + results
- - No + results
- + SN2
- - No + results
- - No + results
- - No + results
- + Arom amine
- - No + results
- - No + results
- - No + results
- - PNA
- - PNA
- - PNA
- + PNA
Chemical
cyclopenta[alphenanthrene
Phenanthrene
7,12-Diphenylbenz[a]anthracene
3-Azachrysene
Dinaphthoperylene
Tetrabenz[a,c,h,i]anthracene
8-Azabenz[a]anthracene
Benz[a]acridine
Dibenz[a,h]anthraquinone
Diazabenzo[c]phenanthrene
Dibenzo[a,h]phenazine
1,9-Dimethylphenanthrene
9-Methylacridine
Acridine
Naphthalene
Anthracene
Ovalene
4-Hydroxybenz[a]anthracene
7-Hydroxybenzo[a]pyrene
1-Methylbenz[alanthracene
4-Methylbenz[alanthracene
Naphthacene
2,9-Dimethylbenz[a]anthracene
Pentacene
Quinoline-N-oxide
3-Methylquinoline-N-oxide
Carcinogenicity Prediction Reasona
- - PNA
- + PNA
- - PNA
- + PNA
- - PNA
- - PNA
- + PNA
- + PNA
- + PNA
- - PNA
- + PNA
- + PNA
- - PNA
- - PNA
- - PNA
- - PNA
- - PNA
- - PNA
- - PNA
- - PNA
- - PNA
- - PNA
- - PNA
- - PNA
- - PNA
- - PNA
n = 305. +, positve; -, negative. "The reason is a listing of one QSAR of the model that was used to make the prediction. For some positives more than one QSAR applied.
bPresumed unreacted monomer leaches from polymer.
Ethylene GlycolMonobutylEther, 11-
76-2. Predicted to be negative because no
properties were consistent with its being
positive.
Citral, 5392-40-5. Predicted to be pos-
itive because it would likely be epoxidized
to a reactive epoxide. The radical superde-
localizibility of an unsubstituted carbon
adjacent to another in a conjugated system
was 0.166, which is within the criteria
range of0.151 and 0.180.
Primaclone, 125-33-7. Predicted to be
negative because no properties were consis-
tent with its being positive.
tert-Butylhydroquinone, 1948-33-0.
Predicted to be negative because no proper-
ties were consistent with its being positive.
Oxymetholone, 434-07-1. Predicted to
be positive because the structure is ridged
between two oxygens that are 10.4 angstroms
apart which is within the criteria range of
9.8-12.5 angstroms forestrogen-like QSAR.
Anthraquinone, 84-64-1. Predicted to
be negative because no properties were
consistent with its being positive.
Nitromethane, 75-52-5. Predicted to
be negative because no properties were
consistent with its being positive. This is
another chemical for which there are not
enough of the class to develop a QSAR.
Nitropropane is a positive carcinogen, but
there were no other nitroalkanes in the
training set for developing a QSAR. So
even though this chemical is predicted to be
negative by the model, it would not be sur-
prising ifthe test results come out positive.
Phenolphthalein, 77-09-8. Predicted to
be negative. The ester hydrolysis model is
not for cyclic esters, but since the hydroly-
sis would relieve steric strain, it was
assumed to be likely. The hydrolysis prod-
uct resembles estradiol in that two pairs of
unpaired electrons are about the right dis-
tance apart over a rigid structure, but the
distance between the oxygens is 9.6
angstroms, which is slightly less than 9.8
angstroms, the lower limit of the range in
which positive chemicals fall.
ScopolamineHydrobromide Trihydrate,
6533-68-2. Predicted to be positive. The
likely mechanism is SN2 alkylation because
the angle ofdeviation from ideal at a car-
bon with a leaving group divided by the
PKa of the leaving group is 2.6, which is
greater than the criterion of 1.8.
Discussion
Most ofthe chemicals predicted to be pos-
itive in the newest NTP test set were
predicted to be epoxidized to a reactive
epoxide. This is different from the training
and first test set ofthe model, in which the
SN2 and PNA QSARs were dominant.
The difference reflects the testing ofclasses
for which there are fewer data. Overall this
set oforganic chemicals does not represent
the broad spectrum of mechanisms that
cause or do not cause carcinogenesis.
Therefore it is not a good set for evaluating
the broad applicability of models. Still it
provides a test for subparts of models and
eventually data for improving those parts.
These data will be particularly useful to the
model used here because of its possible
weakness in predicting carcinogenicity of
chemicals with conjugated carbons.
The presence ofnitromethane in this set
brings up the question ofreactivity and car-
cinogenicity ofnitroalkanes in general. The
training set for the model (2) contains
nitropropane, which was found to be posi-
tive in an NTP bioassay. One chemical is
not enough to permit development of a
QSAR, so the literature was reviewed for
the reactivity ofnitroalkanes. It appears that
not all nitroalkanes are as reactive and by
the same mechanism as nitropropane, so a
rule or QSAR is not appropriate based on
chemical reactivity and one bioassay result.
A positive bioassay for nitromethane will
indicate the need for a QSAR for this class
or a QSAR that includes the nitroalkanes
into a broader reactivity class.
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Table 3. Measured and predicted carcinogenicity fortest set.
Carcinogenicity Prediction Reasona Chemical Carcinogenicity Prediction Reasona
Sucrose
Caffeine
Calcium acetate
Formic acid
Benzoic acid
Methylene chloride
Ethylmethylphenylglycidate
Propionic acid
Menthol
Butyl p-hydroxybenzoate
DiEthylaminoethanol
Triethanolamine
1,3-Butylene glycol
Phenol
Maltol
Methyl salicylate
Ethyl vanillin
Isoamyl alcohol
Ascorbate
Ethyl acrylate
Glutamic acid
Methyl sulfate
Dioctyl sulfosuccinate
Heptyl paraben
Sorbitan monostearate
FD&C Yellow No. 5
FD&C Green No. 3
1-Hydroxyethylidene-1 1-diphosphonate
trans-Anethole
Citrus Red No. 2
Aspartame
Glyceryl monosterate
Chlorpheniramine
Methyl methacrylate
Phenylephrine
tetrakis(Hydroxymethyl)phosphoniumchloride
Acetohexamide
Aldicarb
n-Butylchloride
4'-Chloroacetyl acetanilide
2-Chloromethyl pyridine
3-Chloro-p-toluidine
Coumaphos
Dicyclohexyl thiourea
Dioxathion
Edetate
Lithocholic acid
Oxycarbophos
dl-Menthol
4-Nitroanthranilic acid
4-Nitro-o-phenylenediamine
Norphenazone
Phenylthiourea
Phthalalamide
3-Sulfolene
Tolbutamide
Triphenyltin hydroxide
Promethazine
Tricresyl phosphate
Cholrendic acid +
1,4-Dichlorobenzene +
Diglycidyl resorcinol ether +
Nitrofurantoin +
Tetrachloroethylene +
C.l. Solvent Yellow 14 +
Methyl carbamate +
- Log P <-1.6 Allyl isovalerate +
- No + results Chlorinated paraffins(C12:60%CI) +
- No + results 1-Chloro-2,4-diaminobenzene +
- No + results Acetamine Yellow CG +
+ Epoxidation Dichloromethane +
- No + results Hexachlorodibenzodioxin +
+ Perox prolif 1,5-Diaminonaphthlene +
- No + results Phenestrin +
+ SN2 Poly(5-7)bromobiphenyl +
- No + results Tetrachlorvinphos +
- No + results 11-Aminoundecanoic acid +
- No + results Azobenzene +
- No + results 5-Chloro-2-methylaniline +
+ Epoxidation Dianisidine diisocyanate +
+ SN2 2,4-Dinitrotoluene +
+ Epoxidation 1-Butene oxide +
- No + results Estradiol mustard +
- No + results 1,1,2-Trichloroethane +
- Log P <-1.6 Zearalenone +
- No + results CAS No.12789-03-6 +
- Log P <-1.6 4-Chloro-2-methylaniline +
- Log P <-1.6 1,4,5,8-Tetraaminoanthracendione +
- No + results 2-Methyl-4-methoxyaniline +
- No + results 2,2-bis(p-Chlorophenyl)-1,1-dichloroethylene +
- No + results 1,4-Diamino-2,6-dichlorobenzene +
- No + results Heptachlor +
- Vol>390ang3 Diphenylnitrosamine +
- No + results Pentachloroethane +
- No + results 1,1,1,2-Tetrachloroethane +
+ Arom amine 1,1,2,2-Tetrachloroethane +
- No +results Aldrin +
- No + results 3-Amino-4-ethoxyaceanilide +
- No + results Dioxime-p-benzoquinone +
- No + results 2-Aminodiphenyl +
- No + results Chlorinated paraffin(43%chlorine) (C23) +
- Log P <-1.6 Dibenzo[b,d,e,f]chrysene-7,14-dione +
- No + results 3-Nitro-4-ethoxyacetanilide +
- No + results 4-Amino-2-nitroaniline +
+ SN1 Isosafrol-n-octylsulfoxide +
+ SN1 p-Acetophenetide +
+ SN1 Acrylonitrile +
+ Arom amine 2-Aminoanthroquinone +
- No + results 4-Aminodiphenyl +
- No + results Aminotriacetic acid +
+ SN2 N-Nitrosophenylhydroxylamine +
- Log P<-1.6 Azathioprine +
- No + results 1,2-Benzanthracene +
- No + results Hexachlorocyclohexane +
- No + results Lindane +
- No + results Benzidine +
+ Nitro arom. Benzo[rst]pentaphene +
- No + results Butane diepoxide +
- No + results N,N-bis(2-Chloroethyl)-2-naphthylamine +
- No + results bis(2-Chloroethyl)sulfide +
- No + results 1,1-bis(4-Chlorophenyl)2,2-dichloroethane +
- No + results Busulfan +
- No + results n-Butyl-nitroso-1-butamine +
- No + results Cabontetrachloride +
+ SN2 Sulfallate +
+ SN2 Toxaphene +
+ Epoxidation 4-Chloro-1,2-diaminobenzene +
+ SN2 Chlorofluoromethane +
+ Nitro arom. Chloromethyl methyl ether +
+ SN2 Chrysene +
+ Arom amine Cycasin +
+ SN2 DDT +
- No + results
+ SN1
+ Arom amine
+ Arom amine
+ SN2
+ SN2
- Arom amine
+ SN1
+ SN2
+ SN2
- No + results
+ Arom amine
+ Arom amine
+ Isocyanate
+ Nitro arom.
+ SN2
+ Estrogenlike
+ SN2
+ Estrogenlike
+ SN2
+ Arom amine
- No +results
+ Arom amine
+ SN2
+ Arom amine
+ SN2
+ Nitroso
+ SN2
+ SN2
+ SN2
+ SN2
+ Arom amine
+ Nitroso
+ Arom amine
- logK0w >8.8
+ PNA
+ Nitro arom.
+ Arom amine
+ SN2
+ SN2
+ Epoxidation
+ Arom amine
+ Arom amine
Log P <-1.6
+ Nitroso
+ Nitro arom.
+ PNA
+ SN2
+ SN2
+ No + results
+ PNA
+ SN2
+ SN1
+ SN1
+ SN2
+ SN2
+ Nitroso
+ SN2
- No + results
+ SN2
+ Arom amine
+ SN2
+ SN2
+ PNA
+ Nitroso
+ SN2
(Continued)
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Table 3. (Continued).
Chemical Carcinogenicity Prediction Reasona Chemical Carcinogenicity Prediction Reasona
2,4-Diaminoanisol
Diazomethane
Dibenz[a,j]acridine
7H-Dibenzo[c,glcarbazole
Dichloroacetylene
1,4-Dichloro-2-butene
1,3-Dichloropropene
Diethylstilbestrol
Diethyl sulfate
Dilantin
Dimethyl carbamoyl chloride
1,2-Dimethylhydrazine
Dinitrotoluene
Dioxane
Endozan
Equigyne
Estradiol-3-benzoate
Estradiol polyester with phosphate
Ethinylestradiol
Ethylene dibromide
Ethylene oxide
1-Ethyl-1-nitrosourea
Hexamethylphosphoramide
Hydrazobenzene
2-Imidazolidinethione
Cl Solvent Yellow 34
Thiourea
5-Methyl-o-anisidine
4,4'-Methylene-bis-N,V-dimethylaniline
4,4'-Methylenedianiline
3-Methylethinylestradiol
2-Methyl-5-nitroimidazole-1 -ethanol
N-Methyl-N-nitrosourea
Mirex
2-Naphthylamine
5-Nitroacenaphthene
2-Nitronaphthalene
N-Nitrosodiethylamine
N-Nitrosodimethylamine
N-Nitrosodi-n-propylamine
Nitrosoiminodiehanol
N-Nitrosonornicotine
1-(Nitrosopropylamine)-2-propanol
N-Nitrososarcosine
Norethindrone
Pavisoid
Phenoxybenzamine
Procarbazine
Propane sulfone
Propylene imine
6-Propyl-2-thiouricil
Phenobarbital
Aramite
Testosterone
Thioacetamide
Thiotriethylene phosphoramide
o-Tolidine
Toluene-1,3-diisocyanate
o-Toluidine
2,4,6-Trichlorophenol
Trimethyl-2-oxepanone
Urethane
Vinyl chloride
Xanthotoxin
9-Methylbenz[a]anthracene
7,8,12-Trimethylbenz[alanthracene
+ + Arom amine
+ + SN2
+ + PNA
+ + PNA
+ - No + results
+ + SN1
+ + SN1
+ + Estrogenlike
+ + SN2
+ + SN2
+ + SN2
+ + Hydrazine
+ + Nitro arom
+ - No + results
+ + SN1
+ + Estrogenlike
+ + Estrogenlike
+ + Estrogenlike
+ + Estrogenlike
+ + SN2
+ + SN2
+ + Nitroso
+ - No + results
+ + Hydrazine
+ - No + results
+ + Estrogenlike
+ - No + results
+ + Arom amine
+ + Estrogenlike
+ + Arom amine
+ + Estrogenlike
+ - No + results
+ + Nitroso
+ + SN2
+ + Arom amine
+ + Nitro arom
+ + Nitro arom
+ + Nitroso
+ + Nitroso
+ + Nitroso
+ + Nitroso
+ + Nitroso
+ + Nitroso
+ + Nitroso
+ + Estrogenlike
+ + Estrogenlike
+ + SN1
+ + Hydrazine
+ + SN2
+ + SN2
+ - No + results
+ + SN2
+ + SN1
+ + Estrogenlike
+ - No + results
+ + SN2
+ + Estrogenlike
+ + Isocyanate
+ + Arom amine
+ - No + results
+ + SN2
+ + SN2
+ - No + results
+ + SN2
+ + PNA
+ + PNA
10-Methylbenz[alanthracene
7,9,11,12-Tetramethylbenz[a]anthracene
9-lsopropylbenz[alanthracene
1,2,3,4-Dibenzfluorene
8-Methylbenzo[a]phenthrene
3-methylcholanthrene
7,9,10-Trimethylbenz[clacridine
7,8,1 1-Trimethylbenz[clacridine
Chrysene
8-Propylbenzo[clphenanthrene
7,8,9,12-Tetramethylbenz[alanthracene
7-Ethyl-9-Methylbenz[c]acridine
7,8,9,11-Tetramethylbenz[c]acridine
6-Methylchrysene
8-Ethylbenz[a]anthracene
7-Methyl-9-ethylbenz[c]acridine
1-Methylbenzo[c]phenanthrene
9-Fluoro-5-methyl-chrysene
8-Ethylbenzo[c]phenanthrene
Benz[a]anthracene
8,10,12-Trimethylbenz[alacridine
11-Methoxy-17-methyl-15-hydrocyclo-
penta[alphenanthrene
7-Chlorobenz[a]anthracene
3-Methylbenzo[clphenanthrene
8-Ethylbenzo[c]phenanthrene
2-Methylbenzo[c]phenanthrene
2-Methylchrysene
Dibenz[a,h]anthracene
Cholanthrene
Dibenzo[a,hlpyrene
4-Methylcyclopentenphenanthrene
11-Fluoro-5-methylchrysene
9,1O-Cyclopentobenz[a]anthracene
8,9-Cyclopentenobenz[a]anthracene
7,11-Dimethylbenz[clacridine
2-Methyldibenz[a,h]anthracene
7,1 1-Dimethyl-10-chlorobenz[c]acridine
8-lsopropylbenz[alanthracene
7-Acetoxymethylbenz[alanthracene
8-Propylbenz[a]anthracene
1-Methyl-3-isopropylphenanthrene
4,9-Dimethyl-2,3,5,6-benzothiophanthrene
10-Methylcyclopentenophenanthrene
Dibenz[a,h]acridine
1,2,5,6-Dibenzfluorene
4-Methyldibenzo[a,/]pyrene
1,2,3,4-Tetramethylphenanthrene
1-Keto-1,2,3,4-tetrahydrophenanthrene
1,2-Cyclopentenophenanthrene
3-Hydroxybenzo[a]pyrene
8-n-Propyl-7,12-dimethylbenz[a]-
anthracene
5-Fluoro-7-methylbenz[a]anthracene
7,12-bis-Hydroxymethylbenz[alanthracene
12-Methyl-7-cyanobenz[a]anthracene
7,12-Dimethylbenz[a]anthracene
8-Hexylbenz[a]anthracene
1,2,7,8-Dibenzfluorene
1,2,5,6-Dibenzphenanthrene
7-Methyl-9-phenylbenz[c]acridine
Benz[c]acridine
7,9-Dimethylbenz[c]acridine
7-Methyl-9-fluorobenz[c]acridine
11-Ethyl-15,16-dihydro-17-one-cyclo-
penta[a]phenanthrene
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
- - PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
- - PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
+ + PNA
- + PNA
+ + PNA
+ + PNA
+ + PNA
(Continued)
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Table 3. (Continued).
Chemical Carcinogenicity Prediction Reasona Chemical Carcinogenicity Prediction Reasona
7-Methyl-1 1-methoxy-15,16-diH-17- 2-Methylbenz[a]anthracene - - PNA
one-cyclpenta[a]phenanthrene + + PNA 2-Methylbenz[a]anthracene - - PNA
9-Azabenzo[c]phenanthrene - + PNA 3,9-Dimethylbenz[alanthracene - - PNA
4-Azabenz[a]anthracene - - PNA 3,10-Dimethylbenz[a]anthracene - - PNA
3-Methylchrysene + + PNA 7-Methoxybenzo[a]pyrene - - PNA
12-Fluoro-5-methylchrysene + + PNA 2,10-Dimethylbenz[a]anthracene - - PNA
4-Methylchrysene + + PNA 8-Hydroxybenzo[alpyrene - - PNA
10,1 1-Benzofluoranthene + + PNA 4-Methoxybenz[a]anthracene - - PNA
3,4-Benzofluoranthene + + PNA 4-Bromoquinoline-n-oxide - - PNA
3,4-Dimethylcyclopentenophen- 7-h-Benzo[c]pyrido-[3,2q]carbazole + + PNA
anthrene + + PNA 10-Hydroxyethylbenz[a]anthracene + + PNA
6-Phenyldibenzo[a,/]pyrene - - PNA Tribenzo[a,e,ilpyrene + + PNA
8-Acetylbenzo[c]phenanthrene + + PNA Benzo[h]naphtho-[1,2-flquinoline + + PNA
8-Formylbenz[c]phenanthrene - + PNA Dibenzo[a,g]phenanthrene + + PNA
10-Azabenzo[alpyrene - - PNA Dibenzo[a,clphenanthrene + + PNA
Triphenylene - + PNA Dibenzo[a,elphenanthrene + + PNA
Pyranthrene - - PNA Benzo[g,h,i]perylene + - PNA
11,12-Benzofluoranthene + + PNA 7-Bromobenz[a]anthracene + + PNA
6-Methylanthracene + - PNA 10-Fluoro-7-methylbenz[alanthracene + + PNA
9,10-Dimethylanthracene + - PNA 8,12-Dimethylbenz[a]anthracene + + PNA
4-Methoxybenz[a]anthracene - - PNA 7,8-Dimethylbenz[alanthracene + + PNA
n= 301. +, positve; -, negative. "The reason is a listing of one QSAR ofthe model that was used to make the predition. For some positives more than one QSAR applied.
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